Low-temperature high-magnetic-field far-infrared spectroscopy and electron-spin-resonance measurements have been performed on single crystals of the cubic perovskite KNiF 3 . We found the absorption at 48. Perovskite materials have received enormous attention in the past decade, largely because both high-temperature superconductors and colossal magnetoresistance materials are based on perovskite structures. In this paper, we revisit the prototypical cubic perovskite KNiF 3 , the best known example of a Heisenberg antiferromagnet, and report both the far-infrared spectrum in high magnetic fields and the electron-spin-resonance ͑ESR͒ spectrum.
Perovskite materials have received enormous attention in the past decade, largely because both high-temperature superconductors and colossal magnetoresistance materials are based on perovskite structures. In this paper, we revisit the prototypical cubic perovskite KNiF 3 , the best known example of a Heisenberg antiferromagnet, and report both the far-infrared spectrum in high magnetic fields and the electron-spin-resonance ͑ESR͒ spectrum.
The crystal structure of KNiF 3 is an ideal perovskite type and it retains its room-temperature symmetry down to 78 K. 1 Heat-capacity measurements 2, 3 showed an anomaly at 253 K ͑Ref. 2͒ or at 253.5 K, 3 indicating an occurrence of magnetic ordering. The magnetic susceptibility 2 of this compound also displayed a fairly broad peak at 275 K. The magnetic structure of KNiF 3 was confirmed by neutron-diffraction measurements, 4 which showed that the magnetic moment is coupled antiferromagnetically to its six nearest neighbors, i.e., G type. In the antiferromagnetic phase, the spins point parallel to ͓100͔ ͑or equivalently, ͓010͔ or ͓001͔͒ observed by magnetic torque measurements. 5 Theoretically, Lines 6 studied the magnetic properties of KNiF 3 and described them in terms of an isotropic spin Hamiltonian,
where J is the nearest-neighbor exchange interaction constant, S ជ is the spin operator (͉S ជ ͉ϭ1), g is the g value, B is the Bohr magneton, H z is the external magnetic field parallel to the z axis, and ⌬ is the energy difference between the ground and first excited orbital levels. From an analysis of the magnetic susceptibility, Jϭ89Ϯ4 K was obtained.
More recently, an ab initio calculation 7 gave Jϭ81 K in reasonable agreement with the results reported by Lines. 6 The magnetic excitation spectrum of KNiF 3 below the Néel temperature (T N ) was studied by far-infrared spectroscopy. 8 An absorption at 48.7Ϯ0.3 cm Ϫ1 was observed well below T N and was attributed to an antiferromagnetic resonance ͑AFMR͒. If one were to fit this absorption using a standard theory of AFMR, 9 the value of the anisotropy energy would be about 3.2 cm Ϫ1 . This value is, however, incompatible with other experiments, which show that KNiF 3 is an ideally isotropic antiferromagnet.
In order to obtain information about the magnetic anisotropy, we have performed far-infrared spectroscopy and ESR measurements on single crystals of KNiF 3 . It turns out that the absorption reported by Richards 8 is not magnetic in origin. Our results show an absorption line, which is well fit by the theory of AFMR with very small uniaxial anisotropy. Additionally, we observe several weak lines at low fields in the ESR measurements.
The single crystals of KNiF 3 used in this study were grown by a flux method. The typical dimensions are 5ϫ2.5 ϫ0.5 mm 3 . The far-infrared absorption measurement in zero field was performed using a Bruker IFS-120HR Fouriertransform spectrometer installed in RIKEN. This spectrometer covers the frequency range from 10 to 4000 cm Ϫ1 with a resolution of about 0.002 cm Ϫ1 . The temperature of the sample was varied between 4.2 and 300 K by using a continuous-flow helium cryostat ͑Oxford Instruments CF1104͒. Far-infrared studies in a magnetic field were measured at the National High Magnetic Field Laboratory in Tallahassee. These measurements used a Bruker IFS-113V spectrometer and light-pipe optics to carry the unpolarized far-infrared radiation through the 30 T resistive magnet. The propagation direction was parallel to the static magnetic field. We report the field-dependent transmittance ratio at the constant temperatures running over a range between 4.2 and 40 K. The ESR measurement was performed using a highfrequency high-field spectrometer. A detailed description of the ESR set up is given elsewhere. Ϫ1 . Additionally, a very weak absorption is observed at ϳ94 cm Ϫ1 . The frequency of the strong absorption is in good agreement with that reported by Richards. 8 Interestingly, the intensity and line shape of 49 cm Ϫ1 resonance are a strong function of temperature. The oscillator strength of this peak decreases systematically with increasing temperature and the high-energy sideband mode gradually grows in intensity. The 4.2 K far-infrared results in magnetic fields are shown in the inset of Fig. 2 . The energy of three lowfrequency modes is nearly independent of a magnetic field up to 30 T, indicating these absorptions are not magnetic in origin.
In addition to these field-independent features, we observe an absorption whose frequency does depend on the magnetic field. Figure 3 shows the far-infrared spectra taken at 4.2 K and at various fields. The data were obtained by taking the ratio of the transmission of the sample at a given field to the zero-field transmission. We plot in Fig. 2 the frequency of the absorption as a function of magnetic field. Notably, the peak position of this absorption increases almost linearly with applied magnetic field. Furthermore, the fielddependent behavior of this absorption does not change with temperatures between 4.2 and 40 K.
Because the low-frequency limit of the far-infrared spectrometer is about 10 cm Ϫ1 , we made ESR measurements of KNiF 3 below 340 GHz (11. displays the ESR data taken at the frequency of 215.97 GHz (ϳ7.2 cm Ϫ1 ). There are three absorptions in the spectrum. A strong absorption is seen at 6.35 T, a weaker one at 6.07 T, and a very weak one at 3.18 T.
We summarize in Fig. 4 all the field-dependent absorptions of KNiF 3 observed by far-infrared and ESR measurements; these absorptions constitute a magnetic excitation branch in the frequency-magnetic-field plane. We analyze this branch using the theory of AFMR ͑Ref. 9͒ with uniaxial anisotropy. When the external magnetic field H is applied parallel to the easy axis, the AFMR frequency at low temperatures (TӶT N ) is given by
where ␥(ϵg B /ប) is the magnetomechanical ratio, H E is the exchange field, H A is the anisotropy field, and H SF is the spin-flop field. When H is applied perpendicular to the easy axis, the AFMR frequency is given by
The full line in Fig. 4 is the fit to our data using Eq. ͑4͒ with (␥/2)ͱ2H E H A ϭ76.1 GHz(ϭ2.54 cm Ϫ1 ) and g ϭ2.26. The g value obtained in this fit is close to that determined from earlier ESR measurements 12 of KMgF 3 :Ni 2ϩ (gϭ2.28). Using the value of Jϭ89 K(ϭ62 cm Ϫ1 ) derived by Lines, 6 we obtain g B H E ϭ370 cm Ϫ1 at low temperatures (TӶT N ), where the thermal average of Ni spin is 1. Then, using the experimental value of (␥/2)ͱ2H E H A ϭ76.1 GHz, we estimate g B H A ϭ8.7ϫ10 Ϫ3 cm Ϫ1 . This anisotropy energy is too small to be accounted for either by the magnetic dipole-dipole interaction ͑typically of the order of 0.1 cm Ϫ1 ) or by a single-ion anisotropy of the form DS z 2 ͑typically of the order of 1 cm Ϫ1 ). Thus, consistent with the results of x-ray diffraction, 1 we conclude that the cubic symmetry is retained below T N . We also notice that Money et al., 13 found a small tetragonal distortion below T N by a double-crystal x-ray-diffraction and strain gauge measurements. They interpreted this distortion as due to magnetostriction. The magnetostriction constant is so small ( 100 ϳ10 Ϫ5 ) at 77 K that the anisotropic energy would be also very small. The ratio between H A and H E in KNiF 3 is 2.4ϫ10 Ϫ5 . Thus, KNiF 3 is an excellent example of a Heisenberg antiferromagnet.
It is important to mention that the AFMR modes predicted by Eqs. ͑2͒ and ͑3͒ are not observed in our data. As first pointed out by Hirakawa and co-workers 5 and later observed by x-ray synchrotron topography, 14 three domains dx, dy, and dz exist in zero field for the cubic antiferromagnet. The easy axes of the dx, dy, and dz domains point parallel to the ͓100͔, ͓010͔, and ͓001͔ crystallographic axes, respectively. When the external magnetic field is applied parallel to one of the cube axes, for example, ͓001͔, the dx and dy domains grow at the expense of the dz domains. This occurs because Ќ is larger than ʈ ( ʈ and Ќ are the magnetic susceptibility parallel and perpendicular to the easy axis, respectively͒. This domain growth is associated with a movement of domain walls. From the x-ray topography, 14 the domainwall movement occurs in the field range between 0.22 and 0.45 T. Therefore, only the magnetic domains whose easy axis is perpendicular to the external field are relevant to our study.
Finally, we briefly discuss the weak absorptions observed in the ESR experiments. The weak absorption near the main signal in the inset of Fig. 4 may be an interference fringe. We try to fit the weak absorption observed at 3.18 T ͑see Fig. 4͒ to the AFMR theory. The dashed line in Fig. 4 represents the fit ͓Eq. ͑4͔͒ with gϭ4.09 and (␥/2)ͱ2H E H A ϭ115.8 GHz. One possible explanation for this excitation would be that it originates from a nonlinear excitation. Further studies are necessary to clarify this point.
In conclusion, we have made far-infrared and ESR measurements on single crystals of KNiF 3 . We observe an AFMR mode. An analysis of this AFMR mode gives a very small anisotropy energy (8.7ϫ10 Ϫ3 cm Ϫ1 ) and confirms that KNiF 3 is the best example of a Heisenberg antiferromagnet.
